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(Received 1 July 2013; accepted 11 August 2013; published online 22 August 2013) Grain orientation, BaTiO 3 heterogeneous template content, and electrode materials are expected to play an important role in controlling the polarization fatigue behavior of h001i textured Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 ceramics. A comparative analysis with randomly oriented ceramics showed that h001i grain orientation/texture exhibits improved fatigue characteristics due to the reduced switching activation energy and high domain mobility. The hypothesis was validated from the systematic characterization of polarization-electric field behavior and domain wall density. The defect accumulation at the grain boundary and clamping effect arising from the presence of BaTiO 3 heterogeneous template in the final microstructure was found to be the main cause for polarization degradation in textured ceramic. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819223] Anisotropy in elastic, dielectric, and piezoelectric properties plays an important role in tailoring the performance of piezoelectric materials as evident from the giant longitudinal piezoelectric coefficient d 33 (>2000 pC/N) and large electromechanical coupling coefficient k 33 (>90%) measured along h001i directions in domain engineered relaxor-ferroelectric single crystals, such as Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) and Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 (PZN-PT). 1 The outstanding electromechanical properties in these materials have driven the development of new generation of highperformance actuators, sensors, and piezoelectric energy harvesters. 2 However, the application of oriented PMN-PT and PZN-PT relaxor-ferroelectric single crystals has been limited owing to their high production cost, restriction on sample shape and size, and compositional heterogeneity across the ingot. In last few years, textured ceramics have emerged as an alternative for achieving superior performance similar to that of single crystals, while keeping the cost down. [3] [4] [5] Textured ceramics can be synthesized using the established tape-casting process and, thus, have flexibility in terms of the shape and size of the sample. We have demonstrated that textured (Lotgering factor, f ¼ 98%) PMN-PT ceramics exhibit outstanding piezoelectric and dielectric properties. 4 Apart from high piezoelectric properties at low field drives, stability of electromechanical properties under cyclic stress and electric field loading is essential for the deployment of material. Systematic loss of the switchable polarization under cyclic external field is known as polarization fatigue. [6] [7] [8] Several mechanisms have been proposed in literature for explaining the fatigue behavior of a ferroelectric material including accumulation of charged defects at domain walls leading to their pinning, 9 formation of space charge layer at ferroelectric-electrode interface, 10, 11 formation of micro-cracks due to residual strain, 12, 13 field-driven phase transition, 14 and field-driven diffusion of electrode metal to grain boundaries. 15 Depending upon the operating conditions (temperature, external field magnitude, and frequency) and microstructure of the material, one or more of these fatigue mechanisms can play the governing role. 7 In bulk polycrystalline ceramics, fatigue is highly dependent on the surface, interface, and grain boundary related imperfections. 7 In single crystals, the fatigue is mainly dominated by the accumulation of charged defects at domain boundaries and formation of micro-cracks due to the residual hysteretic strain. 13, 16, 17 Prior investigations have indicated the anisotropic nature of fatigue behavior in ferroelectric single crystals. 13, [16] [17] [18] [19] In Pb(In 1/2 Nb 1/2 )O 3 -Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 single crystals, superior fatigue resistance was found in h001i orientation as compared to that along h110i and h111i directions. Polarization degradation was observed to suddenly occur above 50-100 bipolar cycles in h110i oriented samples, while h001i oriented samples exhibited fatigue-free characteristics up to 10 5 bipolar cycles. 16 Thus, one can expect that grain textured ceramics will also exhibit different fatigue behavior as compared to their random counterpart. Textured ceramics can be considered as a composite of oriented matrix grains and aligned template microcrystals. 4 Thus, the change in polarization switching under continuous field cycling could be resultant of interaction between the grains and the embedded microcrystals. Naturally, the question that immediately comes to mind is "What mechanism plays the dominant role in controlling the fatigue behavior of this composite microstructure?" Very few studies have been conducted on the fatigue behavior of textured piezoelectric ceramics and, thus, this question has not been addressed. In this letter, we provide deterministic results on the effect of orientation, heterogeneous template content, and electrode layer on the polarization fatigue behavior of h001i textured PMN-PT ceramics.
Textured 0.675Pb(Mg 1/3 Nb 2/3 )O 3 -0.325PbTiO 3 (PMN-PT) ceramic samples were synthesized by templated grain growth (TGG) process using x vol. % of BaTiO 3 (BT) templates, abbreviated as PMN-PT-xBT (x ¼ 0, 1, 3, 5). The TGG texturing process, synthesis of BT templates, phase and microstructure characterization have been described in detail elsewhere. 20 To conduct the electrical fatigue experiment, an AC electric field with a triangular bipolar wave form was applied at a frequency of 10 Hz. Impedance spectrum was measured using HP4194A over frequencies from 100 Hz to 15 MHz in the temperature range of 25 C to 500 C. Figure 1 (a) shows the XRD patterns of PMN-PT-xBT samples. Here, PMN-PT-0BT represents the random ceramic without BT seeds (x ¼ 0), and PMN-PT-xBT (x ¼ 1, 3, 5) represents the textured ceramics with different BT template content. X-ray diffraction (XRD) patterns confirmed the formation of perovskite structure without any noticeable secondary phase. Domination of intensities of (00l) peaks in PMN-PT-xBT (x ¼ 1, 3, 5) samples indicates high h001i orientation. Lotgering factor calculated for these samples were found to be almost same (f > 98%). Fig. 1 (b) displays the scanning electron microscopy (SEM) images of random and textured cross-sectional samples. Compared to the equiaxed grains in random ceramics (left), all the matrix grains in textured sample (right) were well aligned with brick-wall microstructure. Another feature of textured ceramics is the existence of aligned plate-like BT template inside the oriented PMN-PT matrix. The BT template microcrystals had length of 5 $ 10 lm and thickness of 0.5 $ 1 lm. Therefore, besides large grain size, the textured ceramics had two other unique characteristics: h001i grain orientation and the existence of heterogeneous BT "core". 
where s o is a characteristic relaxation time, A 1 is the nonequilibrium relaxation rate, A 2 is the relaxation rate in dynamical equilibrium, and n is an exponent. Overall, the PMN-PT-5BT textured sample has slightly faster degradation than the PMN-PT-0BT random samples. To exclude the effect of Ag migration on the fatigue properties, samples with sputtered gold electrode were tested under the same condition as shown in Fig. 2(c) . It can be seen that there is no difference between the Ag and Au electrode. To investigate the effect of BT template, the fatigue properties of textured PMN-PT with different concentration of template were measured. Fig. 2(d) shows the normalized remanant polarization as a function of number of cycles for PMN-PT-xBT ceramics. The fatigue resistance of textured ceramics first increases and then decreases with BT template content. This indicates that there are other factors such as grain size, BTtemplate clamping on the wall mobility, and grain anisotropy influencing the fatigue behavior. The textured sample consists of random distribution of grain boundaries along with strong grain anisotropy like single crystals. Thus, to delineate the mechanism of fatigue, a systematic experiment is required to decouple the effect of polycrystalline microstructure and crystallographic anisotropy. In order to reveal the effect of cyclic electrical loading, micrographs were collected from the fractured surfaces of fatigue samples. As shown in Fig. 3(a) , intergranular fracture was observed in the vicinity of the region about 200 lm below the electrodes, which indicates the weakening of the grain boundaries during the field cycling. It also indicates that the crack is originated from the grain boundary and not from the interface between matrix and template. To confirm that the fatigue mainly occured near the electrode, the piezoelectric constant (d 33 ), and dielectric constant (e r ) of fresh, fatigued, and middle section (by polishing away the intergranular layer near the surface, Fatigue-M) of the fatigued sample were measured as shown in Fig. 3(b) . It can be seen that the properties of middle section of fatigued sample were close to that of the fresh sample. Fig. 3(c) shows the XRD patterns of fresh and fatigued PMN-PT-5BT. After the electric field cycling, the Full-Width Half-Maximum (FWHM) of fatigued sample decreased, which could be due to the combination of residual strain and field induced phase transformation. After polishing away the porous (intergranular) layer near the surface, the XRD pattern of this middle (transgranular) section of fatigued sample showed similar FWHM as that of fresh sample. This is very interesting result indicating the strong influence of the surfacial layer on the overall macroscopic response and needs some discussion.
Nagata showed that the regions, where silver had diffused into the ceramic had much lower grain boundary strength than the bulk during the fracture. 15 Thus, one possible factor controlling the fatigue behavior could be the diffusion of silver along the grain boundaries due to low migration energy of silver under high electric field. Silver electro-migration can be viewed as the anodic dissolution of the metal, Ag ! Ag þ þ e
À1
, transport of the Ag þ ions through the electrolyte and, finally, reduction of the ion back to the metallic state at the cathode. 22 However, in our study, no difference in the fatigue behavior was obtained when using Ag or Au electrode (Fig. 2(c) ). This excludes the possibility of silver diffusion and electro-migration. Another possible fatigue mechanism could be the domain-wall pinning by charged defect trapping at the domain boundaries. In this case, high temperature annealing should release the charged defects from the domain boundaries. 23 To investigate this hypothesis, dielectric constant as a function of temperature for fresh and fatigued PMN-PT-5BT ceramics (before and after annealing at 275 C) was measured as shown in Fig. 3(d) . After fatigue test, the dielectric constant decreased and the peaks of maximum dielectric constant were 10Â lower. The ferroelectric-paraelectric phase transition temperature was increased from 162 C to 178 C. The peak of rhombohedral-tetragonal phase transition became obvious and the transition temperature increased. After annealing, the fatigued sample at 275 C for 2 h, these two phase transition temperature decreased but did not fully recover to the fresh sample status. The frequency dispersion also decreased due to the partial removal of the charged defects such as oxygen vacancies. Therefore, we conclude that the presence of charged defect has significant effect on the fatigue behavior in textured PMN-PT ceramics. The fatigue initiates at the grain boundary because defects residing at the boundaries have lower potential energies compared with that in the bulk of the ferroelectrics.
The defect concentration in ferroelectric oxides can be evaluated by the electronic/ionic conductivity. 24 Fig. 4 (a) shows the ac conductivity as a function of template content. With decrease of BT content (x ¼ 1, 3, 5) in textured ceramics, the ac conductivity increases due to the difference in the defect density that are mainly located at the interfaces/ boundaries. Therefore, complex impedance was employed to separate the individual contributions of grain interior and grain boundaries. As shown in Figs. 4(c) and 4(d) , the impedance spectra displayed two semicircles, which are attributed to grain and grain boundary. The two semicircular arcs of the impedance spectrum can be expressed as equivalent circuit consisting of two parallel resistance-capacitance (R-C) circuit elements in series (the subscripts g and gb refer to grain (buck) and grain boundary). The values of grain (bulk) conductivity (r g ) and grain boundary conductivity (r gb ) obtained from these impedance spectra gave a linear Arrhenius plot as shown in Figs. 4(e) and 4(f). It can be seen that: (1) in case of r g , PMN-PT-5BT has higher activation energy and lower conductivity than PMN-PT-1BT. This is possible due to the large volume percentage of BT template residing inside the PMN-PT grains, which restricts the migration of oxygen vacancies. (2) r gb in PMN-PT-5BT and PMN-PT-1BT has similar activation energy, which indicates that the grain boundary has similar configuration. However, the grain boundary conductivity of PMN-PT-1BT is about 5 times higher than that of PMN-PT-5BT. From Fig. 4(b) , the number of nucleation sites is decreased with decrease in BT template content (x), thus, the grain size (d g ) increases and the grain boundary area (A gb /V) decreases, suggesting that the defect density around grain boundary in PMN-PT-1BT should be much larger than that in PMN-PT-5BT. Therefore, based on the consideration of defect density, higher template content will enhance the fatigue resistance because smaller grain size will result in lower defect concentration along the grain boundaries.
However, as shown in Fig. 4(b) , the specific matrix/ template interface area (A i /V) increases with template content in textured PMN-PT ceramics. Increase in A i /V will deteriorate the fatigue behavior due to the clamping of the domain wall migration by the template particles. As evidenced by the polarization-electric field loops shown in Fig. 5(a) , the polarization decreases, coercive field increases, and the squareness (P r /P m ) of P-E loops (Fig. 5(b) ) decreases with increase of template content (samples with same texture degree). Thus, due to the opposing effect of template on the fatigue behavior in the textured ceramics (increase in template content reduces the defect density at grain boundaries but increases the domain wall pinning), the best fatigue properties are observed in PMN-PT-3BT as shown in Fig. 2(d) . Piezoresponse force microscopy (PFM) images shown in Figs. 5(c) and 5(d) revealed that the domain size in textured ceramics is 10Â smaller than that in random ceramics. Higher domain wall density in textured ceramics increases the domain wall motion, which facilitates the stress release during electric cycling. There is an optimum condition between the magnitude of domain wall mobility and template content, which in our study was found to be 3%. Even with the clamping effect from BT template, large grain size and higher conductivity, PMN-PT-3BT textured ceramics exhibited slower polarization degradation than the random PMN-PT-0BT ceramics in the first stage. Clearly in this case, the texturing influences the fatigue behavior because h001i crystal direction has a much better fatigue resistance. This result is consistent with that observed in other material systems such PMN-PT, PZN-PT, and PIN-PMN-PT single crystals. 13, 14, 22, 25 In summary, we found that h001i textured ceramics with 3% template content exhibits improved fatigue resistance due to the optimum balance between the defect density and domain mobility. As evident from the improved macroscopic P-E loop squareness and PFM results, the role of charged defects and domain size have the controlling influence on the fatigue behavior. With increase of the template content from the optimum point, the clamping effect of the template on domain motion results in faster degradation of polarization.
